Objectives Patients with end-stage renal disease (ESRD)
undergoing haemodialysis (HD) have significantly reduced cardiorespiratory fitness and health-related quality of life (HRQoL). Our hypothesis was that high-intensity interval training (HIIT) is a feasible and safe form of exercise during HD and that HIIT would elicit greater change in cardiorespiratory fitness and HRQoL compared with moderate-intensity continuous training (MICT).
Methods Twenty patients were randomised to either HIIT (n=6), MICT (n=8) (two times a week within 22 weeks) or usual care (n=6). Feasibility was assessed by session attendance and adherence to exercise intensity. Safety was assessed by adverse event reporting. Efficacy was determined from change in peak oxygen uptake (VO 2peak ), 6 min walk distance and a HRQoL questionnaire (the COOP-WONCA chart).
results Eleven patients (55%) completed premeasurements and postmeasurements. The main reason for drop-out was due to kidney transplant during follow-up. The patients completed the same number of sessions in each group and adhered to the target heart rates after habituation. There were no adverse events. In the HIIT group, two of the three patients increased VO 2peak by 46% and 53%, respectively. Three of the five patients in the MICT group increased their VO 2peak by 6%, 18% and 36%, respectively.
Conclusions This pilot study demonstrated that HIIT is a feasible and safe exercise model for intradialytic exercise in patients undergoing HD. There might be a considerable potential of intradialytic HIIT in patients undergoing HD. Further studies with larger sample sizes are needed to determine if HIIT is an optimal approach in patients with ESRD undergoing HD.
Trial registration number NCT01728415.
InTrOduCTIOn
Patients with end-stage renal disease undergoing haemodialysis (HD) have lower cardiorespiratory fitness, poorer healthrelated quality of life (HRQoL) and functional impairment compared with age-matched individuals in the general population. 1 2 Exercise has a significant impact on these factors in patients undergoing HD. 3 However, HD is a time-consuming procedure that takes at least 4 hours, three to four times a week, and exercise during HD (intradialytic exercise) has shown to be the most feasible and applicable option for these patients. 4 It provides a unique opportunity to combine exercise with medical treatment in a highly monitored environment where potential complications can be detected and treated immediately. In addition, time is used efficiently, and it has been shown to increase adherence and compliance compared with exercise between HD sessions. 4 5 Despite this, intradialytic exercise is still not a routine treatment for patients undergoing HD, perhaps because of uncertainty about the best modality for the patient group 6 7 or because of lack of information and lack of medical staff knowledge regarding the positive effects of intradialytic exercise. Results from a systematic review with 24 randomised controlled trials (RCTs) showed that intradialytic exercise significantly improves cardiorespiratory fitness, physical performance and self-reported physical function in HRQoL questionnaires. 8 In general, high-intensity interval training (HIIT) has repeatedly been proven to have superior positive effects and health benefits compared with moderate-intensity continuous training What are the new findings? ► Supervised intradialytic high-intensity interval training (HIIT) is safe and feasible in medically stable patients with end-stage renal disease. ► Our results indicate that both HIIT and moderateintensity continuous training (MICT) can lead to a clinically significant increase in cardiorespiratory fitness and quality of life. ► In haemodialysis (HD) populations that include patients waiting for kidney transplant, it seems important to take into account the possible high drop-out rate during follow-up. ► Until more evidence on HIIT during HD is available, a combination of HIIT and MICT seems beneficial to improve cardiorespiratory fitness. (MICT). This applies to both healthy subjects 9 and patients with metabolic syndrome, 10 coronary artery disease 11 and heart failure. 12 13 A recent pilot study evaluated the feasibility, safety and efficacy of HIIT in patients with chronic kidney disease. 14 This study demonstrated that HIIT is feasible and safe for patients with chronic kidney disease, but patients undergoing HD were not included. Whether HIIT is feasible and safe for dialysis populations, however, has not yet been evaluated. In addition, there is a lack of knowledge regarding the efficacy of HIIT (≥85% of peak heart rate) versus MICT in patients undergoing HD. Therefore, the aim of this study was to evaluate the feasibility, safety and efficacy of intradialytic HIIT in patients undergoing HD through a randomised controlled pilot study. Our hypothesis was that HIIT is a feasible and safe form of intradialytic exercise and that HIIT would elicit greater change in cardiorespiratory fitness and quality of life compared with MICT.
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MeThOds study design
In this single-blinded three-armed RCT pilot trial, patients were randomised into one of three groups (figure 1) using a computer-generated randomisation list generated by a researcher independent of the study in a 1:1:1 ratio. Concealed envelopes with subsequent numbers were kept in a locked drawer on the switchboard and were withdrawn consecutively after the baseline tests.
The study is registered in ClinicalTrial. gov.
Open access
Inclusion criteria were medically stable patients in HD for ≥3 months and aged between 20 and 75 years. Exclusion criteria were acute infection, unstable angina pectoris, severe arrhythmias, uncontrolled hypertension (systolic blood pressure (BP) >180 mm Hg and/or diastolic BP >105 mm Hg), hyperkalemia (>6 mmol/L), uncontrolled diabetes, wheelchair dependence, arteriovenous thigh graft access and Hb <90 g/dL.
Patient and public involvement (PPI)
As no funds or time were allocated for PPI, participants were unable to be involved in study design stages. However, patients at our hospital have been involved in trying various bed-cycle ergometers suitable for the HIIT intervention.
exercise intervention
The exercise intervention was performed using a bedcycle ergometer (MOTOmed letto2, Reck, Germany) positioned in front of the patients' dialysis chair. The patients in the exercise groups performed either supervised HIIT or MICT cycling two times a week, for a total of 32 sessions over 16-22 weeks. The exercise intervention lasted 45 min and started during the first hour of dialysis. All patients were individually supervised by an experienced physiotherapist. During the exercise, the heart rate was continuously evaluated with a heart rate monitor (SUUNTO Ambit 2) ( suunto. com), and Borg scale (ranging 6-20) 15 was registered. Completion of 70% of the prescribed exercise sessions was considered as training per protocol. While planning this study, there were no universal criteria or framework for delivery of HIIT in the clinical population. 16 At our hospital, we have significant results in both patients with chronic heart failure and coronary disease, with the Norwegian Ullevaal model, 17 18 a HIIT model consisting of three intensive intervals and active brakes between the intervals. Musculoskeletal risk may be increased in patients with chronic kidney disease as a result of uraemic myopathy and bone disease, 7 and therefore, every session in both exercise groups started with up to 18 min warm up at low-to-moderate intensity.
HIIT group
After warm up, every session continued with three exercise intervals lasting 3 min each, at an exercise intensity of 85%-95% of HRpeak, equalling 15-17 on the Borg scale. Each interval was separated by 4 min of active breaks at an intensity of 60%-70% of HRpeak. The last exercise interval was followed by a cool down period of up to 10 min.
MICT group
Followed by warm-up, every session consisted of cycling at low-to-moderate exercise intensity of 50%-60% of HRpeak, representing 11-13 on the Borg scale for 45 min (including warm up).
The usual care group underwent standard HD treatment without any supervised exercise.
Outcomes
Feasibility was assessed via adherence to the exercise prescription. Adherence included both adherence to the prescribed session and the ability to meet the intensity targets set in each session. During the exercise, the heart rate was continuously evaluated with a heart rate monitor (SUUNTO Ambit 2) ( suunto. com), and Borg scale (ranging 6-20) was registered. 15 To evaluate safety, all patients were told to report any issues or problems that occurred during or following the exercise sessions. The exercise sessions were conducted in a highly monitored environment, and BP was continuously monitored with the HD machine (remaining at ≥90/50 mm Hg and not increasing to ≥200/100 mm Hg).
Efficacy measures were performed at baseline and the week after completed intervention. Investigators who were blinded to clinical data and group assignment of patients carried out all follow-up tests. All patients underwent a high-tech cardiopulmonary exercise test (CPET) by a trained exercise physiologist for measurement of the VO 2peak on a cycle ergometer (Lode Corival Ergometer exercise bike, Groningen, Netherlands) under the supervision of a medical doctor. The load increased by 10 or 15 W each minute until exhaustion based on the predicted fitness level. The gas exchange and ventilatory variables were continuously measured breath-by-breath and analysed using a Sensor Medics metabolic system (Vmax 229 SensorMedics, Yorba Linda, California, USA). The highest VO 2 sampled in 30 s was recorded as VO 2peak . Heart rate was measured through a 12-lead ECG (Cardiosoft, GE Marquette Medical Systems, Milwaukee, Wisconsin, USA). HRpeak was estimated as the highest recorded heart rate plus five beats. 19 The rating of perceived exertion was obtained by the Borg scale (ranging 6-20). 15 Functional capacity was evaluated by the 6 min walk test (6MWT) according to guidelines, 20 in a marked corridor at the hospital. The patient was instructed to walk alone along the hallway at his or her own pace, attempting to cover as great a distance as possible within 6 min. The test is widely used in patients with chronic diseases, [21] [22] [23] including those with chronic kidney disease. 5 24 25 HRQoL was assessed using the Norwegian version of the COOP-WONCA charts. 26 The chart is validated for patients with chronic kidney disease, 27 and is commonly used for monitoring change in functional status over time, and/or measuring the outcomes of interventions. 28 COOP-WONCA is a generic questionnaire for evaluation of HRQoL, consisting of six dimensions: physical fitness, feelings, daily activities, social activities, changes in health and health condition. Each dimension is illustrated pictorially, numerically and in writing, inquiring about the patient's status during the past 2 weeks. The response categories are scored from 1 to 5, with higher scores indicating worse HRQoL. A change of 1 is defined to be a clinically meaningful change. At retest the fifth dimension was reworded asking, 'How do you rate your overall health compared with 16 weeks ago?' instead of '[…] to 2 weeks ago?'
Open access figure 2 and table 2. In the HIIT group, two out of three patients increased in VO 2peak by 46% and 53%, respectively, and three out of five patients in the MICT group increased by 6%, 18% and 36%, respectively. All the patients in the HIIT group had an improved HRQoL in ≥3 dimensions. Of the five patients in the MICT group, four patients improved in ≥2 dimensions (IDs 4, 5, 6 and 8). The results of the individual changes in COOP-WONCA for each patient are presented in table 3.
dIsCussIOn
To our knowledge, the present study is the first to evaluate intradialytic HIIT in patients undergoing HD. The results of this small pilot study indicate that HIIT is feasible during HD. All patients in the HIIT group had low cardiorespiratory fitness (VO 2peak <20 mL/kg/min), and the main challenge was to motivate the patients to exercise for 45 min. Furthermore, we had to adjust the exercise sessions for up to 6 weeks before we could record exercise per protocol. It was, however the same challenge in the MICT group. A more gradual approach would have been more appropriate. Another challenge in this population is patient comorbidity and intercurrent illness, and the large interindividual and intraindividual variability. 7 Open access Figure 2 Individual changes in physical fitness. HIIT, high-intensity interval training; MICT, moderate-intensity continuous training; VO 2peak , peak oxygen uptake; 6MWT, 6 min walk test. Due to the disease burden, several of the patients had unwanted breaks (intercurrent acute illness) during the training period. The number of breaks was recorded. In case of missed sessions due to intercurrent illness (not medically stable for exercise), the number of exercise sessions was extended up to 32 session within 20 weeks. However, the overall training compliance in terms of training attendance was excellent, indicating a high motivation to perform HIIT during HD. In addition, all patients in the HIIT group achieved their target heart rate and/or Borg scale score of 15-17 in a minimum of one interval of the completed sessions. The patient, who increased VO 2peak with >10 mL/kg/min (ID 3), achieved the target heart rate in two or three intervals, in all 32 sessions. He expressed great benefit of supervision by the physiotherapist. This is in line with a qualitative study describing that one of the most important motivators was support from friends, family and healthcare providers. 29 The HIIT intervention was well tolerated, and no adverse events were reported, indicating that HIIT may be safely performed during HD. All patients underwent CPET for risk stratification and were supervised during each exercise sessions. Thus, to ensure patient safety, we recommend that implementation of intradialytic HIIT be under the supervision of a physiotherapist, in addition to a workload test before exercise. One patient had to interrupt the test because of hypotension and was retested and haemodynamically cleared before being included in the study.
The patient population was complex and it was challenging to recruit patients to this study due to patient multimorbidity. Out of 20 randomised patients, only 11 patients completed the study per protocol. The main reason for drop-out was kidney transplant during follow-up (n=5) and not adverse events or the exercise. In general, kidney transplantation in Norway is offered to all patients considered to benefit, with no strict upper age limit. The median time on the waiting list in 2016 was 10.5 months. 30 About 50% of the HD population in Norway is not offered a kidney transplant because of comorbidities and expected lifetime of less than 2 years. 30 The sample size is sufficient to assess a trend in exercise response after intradialytic exercise at two different training intensities. It is too small, however, to evaluate between-group differences due to low statistical power.
HIIT has been previously proven to increase cardiorespiratory fitness significantly and is established as a Open access HIIT  1  3  3  -4  4  -4  2  −2  4  4  -3  2  −1  4  3  −1  2  4  3  −1  1  1  -2  1  −1  1  1  -3  2  −1  4  2  −2   3  3  1  −2 safe and feasible exercise modality in various somatic illnesses. 10 12 31 Epidemiological studies suggests that 1 metabolic equivalent (MET≈3.5 mL/kg/min) in VO 2peak is associated with improvement in survival by as much as 15%-25%. 32 33 Two of the three patients who completed the HIIT intervention increased their cardiorespiratory fitness by >6.5 mL/kg/min. Based on the current results, it seems that intradialytic HIIT may have considerable promise for improving cardiorespiratory fitness, which may also have an impact on survival. Existing studies have, however, not evaluated this relationship. 34 It is argued that a longer duration of training may be needed to induce improvements in muscle metabolism, increase the arterial venous oxygen difference and, in turn, further improve VO 2peak in kidney transplant recipients. 35 The results from a subgroup analysis in the systematic review and the meta-analysis by Sheng et al also indicated that long-term exercise training (≥6 months) may have more evident effects on VO 2peak and suggests that intradialytic exercise should be conducted for a longer duration (at least 6 months). 8 Our results, however, showed a potential considerable increase in VO 2peak (46% and 53%) with HIIT, which can indicate the fact that HIIT can improve cardiorespiratory fitness faster and may thereby increase the motivation and adherence to exercise. 36 A recent review by Parker 37 suggests future larger, multicentre trials with precise exercise intensities and durations to enhance the robustness of the evidence on intradialytic exercise. We believe that 'one size does not fit all' since the results from our study, in addition to clinical experiences, emphasise individually adapted intensity in intradialytic exercise. To be successful at maintaining adherence, some evidence suggests that interventions should be individually tailored. 29 38 In a recent qualitative study by Jhamb et al, 29 it was emphasised as very important to offer an intradialytic exercise programme that could incorporate individualised exercise to the patient's health status and ability. To improve functional capacity for a heterogeneous group of patients undergoing HD, an important aspect is the physiotherapist's ability to observe the patients and to give individual feedback during and after exercise. Making exercise safe, positive and enjoyable requires a sensitive and committed physiotherapist. HIIT is shown to improve cardiorespiratory fitness more rapidly than MICT in cardiac patients 39 and could therefore be more motivating in the initial phase of the exercise programme. As seen in our population, some patients responded quickly to exercise, while some used longer time and did not increase their cardiorespiratory fitness to ≥3.5 mL/kg/min within 16 weeks. Additionally, patients included in this pilot study continued intradialytic exercise after the post-test evaluation and reported improved HRQoL and functional capacity after a longer exercise period.
health-related quality of life
Regarding HRQoL, six of eight patients in the intervention groups reported a clinically meaningful improvement in the domain 'physical fitness'. This is consistent with the improvements in 6MWT, except for ID 1, who did not improve in this domain; this patient, however, improved in 'daily activities', 'change in health' and 'overall health', as shown in table 3. During the follow-up period, patients who exercised had the greatest improvement on the domains physical fitness, daily activities and change in health. This corresponds to results in other studies on HRQoL of intradialytic exercise 40 41 and is an important outcome, given the population's poor HRQoL. 2 
strengths and limitations
The strengths of our study are the RCT study design and the use of CPET for measurement of the VO 2peak .
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The main limitations of our trial are the low number of patients and heterogenicity with respect to age, aetiology of chronic kidney disease, disease burden and cardiorespiratory fitness at baseline. Anyhow, the data confirm that it is feasible to introduce intradialytic exercise with HIIT in a heterogeneous and medically stable HD population, but with individualisation of the programme supervised by an experienced physiotherapist. The drop-out rate due to kidney transplant was higher than anticipated, and the power to detect differences between study groups was limited.
COnClusIOns
This pilot study demonstrated that HIIT is a feasible and safe exercise model for intradialytic exercise in patients undergoing HD. Our study cannot conclude if HIIT is superior to MICT during HD due to the small sample size. The results showed, however, a considerable increase in VO 2peak in selected patients and emphasised the importance of intradialytic exercise. Hopefully, our findings may contribute to guide future research on HIIT with larger sample sizes to determine if there is an optimal exercise intensity approach to intradialytic exercise.
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